at the centre of the cruciform.
In this work, the debond strength of a Ti-22Al-23Nb/Trimarc MMC was evaluated using the cruciform specimen geometry. The onset of debonding was identified using the onset of nonlinearity in the stress versus strain plot. The debond stress was estimated using analytical techniques based on previous work [20] . Scanning electron microscopy (SEM) was used to identify the location of the debond event.
EXPERIMENTAL METHODS
A Ti-22Al-23Nb/Trimarc four-ply MMC panel was fabricated using a foil-fibre-foil technique similar to that used in [12, 13, 21] . The matrix composition was characterized using induction coupled plasma optical emission spectroscopy and inert gas fluorescence. The panel was cut into several cruciform geometry (see Fig. 2 ) specimens using electric discharge machining. The sample surfaces were cleaned by scrubbing them with acetone. Micro Vishay, Inc. (Raleigh, NC) strain gages (part # EA-13-031DE-120) were applied to the centre of the cruciform on the top and bottom surface faces of the specimen. The strain gages were attached to the specimen using an appropriate adhesive. Care was taken to ensure the gages were properly attached to the specimen's surfaces. Wires were soldered to the strain gages and attached to a strain conditioner. A Wheatstone full-bridge was chosen to eliminate possible bending and thermal stresses experienced during testing. Using an Ernest Fullam, Inc. (Clifton Park, NY) tensile stage, described in [22] , the cruciform specimens were pulled at 0.74 N/s (10 lbs/min). MTESTW version 8.8c (Admet, Inc. Norwood, MA) software was used as the data acquisition device and motor controller. Strain readings were manually recorded from a strain indicator attached to the strain conditioner. A Pearson analysis [23] was used to objectively determine when the change in slope of the stress versus strain curve occurred, which was subsequently used to identify the onset After fracture, the specimens were sectioned and metallographically prepared in order to identify the debond location. The sections were mounted and polished using silicon carbide paper, diamond suspension solution and finally colloidal silica with an average particle diameter of 0.06 μm. The sections where then placed into a CAMSCAN 44FE SEM, where they were imaged using a backscatter electron detector.
RESULTS AND DISCUSSION
Bulk chemical analysis indicated the matrix was composed of 22.4 (at.%) Al, 22.8 (at.%) Nb and 54.8 (at.%) Ti. Fig. 3 illustrates the MMC microstructure. The fibre volume fraction was estimated to be 0.35 using an image analysis technique. The fibre matrix interface was intact (Fig. 3) . The Trimarc A3Ca fibre contains a tungsten core, a silicon carbide layer outside this core and carbon layers outside the silicon carbide (see Fig. 3 ). Fig. 4 illustrates the stress-strain relationship for the six tested specimens. The irregularity of the fracture strengths could be possibly due to defects produced during fabrication. An average Young's modulus value of 177 ± 7.7 GPa was measured.
The debond stress of the specimens was determined by the onset of nonlinear in the stress-strain relations using the Pearson correlation coefficient as previously performed in [2, 5, 7, 8, 20] . The average debond stress for the six tested samples was determined to be 97.6 ± 12.5 MPa.
The interfacial bond strength is a function of the localized applied stress at debonding and the residual stresses in the MMC which resulted from processing due to differences in the coefficients of thermal expansion between the fibre and the matrix. The residual stresses can be estimated using finite element modeling, neutron scattering or acid etch experiments. The equation used to estimate the debond strength in this experiment was [2] :
Where σ bond is the debond strength, K is the stress concentration factor at the centre of the specimen which was estimated to be 1.5 in a previous study [2] , σ local is the stress at the centre of the specimen, 97.6 MPa as measured for the current case, and 
Where V is the volume fraction of the fibre, η = E f / E m and E f and E m are the fibre and matrix Young's modulus, 390 GPa and 120 GPa respectively, Δα = (α m -α f ) where α f and α m are the coefficients of thermals expansion for the matrix and fibre, 4.65 x 10 -6 /°C and 10.0 x 10 -6 /°C respectively [20] , ΔT is the stress free temperature minus the current temperature, which was estimated to be 500°C in this case, and ν is the Poisson's ratio of the composite, which was 0.25 [20] .
A σ residual of -164 MPa and a K of 1.5 were determined. Using these values the estimated bond strength for the tested specimens was -17.6 MPa. The negative number has no physical meaning, but it does indicate that the fibre/matrix bond strength in this MMC system is very weak. The bond strength in similar MMCs has been determined to be very low. In previous studies, Ti-6Al-2Sn-4Zr-2Mo (wt%)/Sigma 1240 MMCs were found to have an estimated bond strength as low as 22 MPa [2] and Ti-6Al-4V (wt%)/ Trimarc 1 MMCs as low as 40 MPa [17] . Low bond strength values were also observed in Sigma 1240/7040 (5 MPa) [1] and SCS 6/Si 3 N 4 (5-18 MPa) glass ceramic matrix composites [25] .
The fibre-matrix interface debond location was identified to be within the carbon layers surrounding the silicon carbide (Fig. 5 ) and the weakest bonds in this MMC were those for the carbon layers closer to the bulk silicon carbide core. Such layers have been found to be the weakest link in other MMC systems where the calculated debond stress was quite low [2, 20, [26] [27] [28] .
SUMMARY AND CONCLUSIONS
A cruciform specimen geometry testing methodology was used to determine fibre/matrix interfacial debond strength. The fibre/matrix debond location was identified to be within the carbon layers at the fibre-matrix interface and the debond strength was found to be almost negligible. The low debond strength between the carbon layers in the interface is in agreement with several previous studies of continuously-reinforced MMCs containing SiC-based fibres [20, [24] [25] [26] [27] [28] . 
